Abstract Numerous studies have demonstrated that animals' tolerance for risk when foraging can be affected by changes in metabolic state. Specifically, animals on a negative energy budget increase their preferences for risk, while animals on a positive energy budget are typically risk-averse. The malleability of these preferences may be evolutionarily advantageous, and important for maximizing chances of survival during brief periods of energetic stress. However, animals adapted to living in unpredictable conditions are unlikely to benefit from risk-seeking strategies, and instead are expected to reduce energetic demands while maintaining risk-aversion. We measured risk preferences in lemurs, a group of primates restricted to the island of Madagascar. Lemurs have evolved diverse anatomical and behavioral traits for survival in a harsh and unpredictable ecology, and these traits have been explained as forms of anatomical and behavioral risk reduction. We therefore predicted that lemurs would also be risk-averse in a behavioral task that offered subjects a choice between a small certain reward, and an uncertain but potentially large reward. In Experiment 1, the average rewards associated with the constant and variable options were equal and lemurs exhibited high levels of risk-aversion, replicating a phenomenon that has been demonstrated in dozens of taxa. In Experiment 2, we gradually increased the average value of the variable option relative to the constant option. Lemurs' preferences tracked these changes and subjects became more risk-seeking as the risk premium increased. However, many subjects maintained high levels of riskaversion even when the average payout of the variable option yielded double that of the constant option. These results are consistent with the notion that lemur cognition has evolved to minimize risk in an unpredictable island environment.
Introduction
Risk is implicit in nearly all decisions an animal makes. Whether deciding between foraging patches, potential mates, or sleeping sites, animals are routinely faced with decisions between options that differ in the variance of their potential outcomes. How animals navigate these decisions, and the factors that influence the decisionmaking process has generated much theoretical and empirical work in disciplines ranging from behavioral ecology (Stephens 2008) to neuroeconomics (Platt and Huettel 2008) . Several recent articles have addressed whether stable preferences for risk can be understood as adaptations to particular problems that species face in their natural environments (Watson and Platt 2008; Heilbronner et al. 2008; Gilby and Wrangham 2007; Rode and Wang 2000) . For example, Heilbronner et al. (2008) recently compared the risk preferences of chimpanzees and bonobos, two closely related species that may have evolved behavioral and cognitive differences as a result of selective pressures relevant to foraging. Compared to bonobos, chimpanzees face more variability in the distribution and availability of their food sources, rendering foraging a relatively less predictable activity. When tested in a task that allowed subjects to choose either a certain intermediate amount of food or a gamble with a 50% chance of obtaining a larger or smaller reward, chimpanzees chose the risky option more frequently than bonobos. These results were interpreted as reflecting different species-typical foraging preferences that affected subjects' choices in the experimental task (Heilbronner et al. 2008) . Here, we applied a similar rationale in exploring the preferences of lemurs, a group of primates adapted to living in the harsh and unpredictable environment of Madagascar (Wright 1999) .
In a typical risky choice task, an animal is given a choice between two options, one of which yields a reward that is constant in amount, the other of which varies, but has the same average value across trials. Animals' attitudes toward risk are inferred based on their preference for the constant or variable options. Throughout this article, we use the terms ''risk-seeking'' and ''risk-averse'' to describe these preferences (Kacelnik and Bateson 1997; Bateson and Kacelnik 1998 ). However, it should be noted that the economic definition of risk implies certainty of the probabilities associated with each option (Knight 1921; Luce and Raiffa 1957) , a criterion that is not likely met in many animal studies of variance-sensitive choice. When faced with a risky choice, the majority of species that have been studied prefer the option that yields a constant amount of food (Kacelnik and Bateson 1996) . That is, most species are risk-averse when the average gains between the safe and risky options are equal.
However, these baseline levels of risk-aversion frequently shift in response to changes in an animal's metabolic state. Specifically, animals tend to become more risk prone when making choices on a negative energy budget, but more risk averse when on a positive energy budget (reviewed in Kacelnik and Bateson 1996) . This phenomenon has been explained by risk-sensitive foraging theory which proposes that animals with access to a consistent food source that meets the energetic demands of survival should prefer this option to other food sources with greater variance in energetic yield (Stephens 1981) . Thus, the majority of species living in stable, energetically productive environments are predicted to be risk-averse. However, if faced with a scenario in which the less variant food supply will not meet an animal's expected energetic needs for survival, the animal should switch to a higher risk food source that affords a greater chance of survival (Stephens 1981; Caraco et al. 1980; Caraco 1981) . In other words, if the rate of energy gain associated with the less variant, ''safe'' food supply falls short of that needed for survival, adopting a risk-seeking strategy offers the only chance of survival and should become the favored strategy.
Importantly, these shifts in risk preference that are associated with changes in metabolic state are thought to represent only short-term adaptations to an organism's changing environment (Caraco 1981) . Thus, a small bird living in a generally stable energetic environment may survive one or two extremely cold nights by switching to a riskier food source. However, long-term dependence on such a highly variable food source is sure to produce as many shortcomings as it is windfalls. Therefore, the preference for risk is not thought to be a viable long-term adaptation for species living in energy-poor environments (McNamara 1996) . Rather, ''survivorship might be better enhanced by reducing energetic requirements (if possible) and maintaining risk-aversion, rather than adopting a long-term riskprone strategy in a poor environment'' (Caraco 1981) .
Lemurs provide an interesting case for evaluating the predictions of this hypothesis because they possess many anatomical and behavioral traits thought to have evolved for exactly this purpose: energy conservation and risk minimization (Wright 1999; Jolly 1966) . Lemurs are primates who last share a common ancestor with monkeys and apes approximately 75 million years ago (Horvath et al. 2008) , and who have been geographically restricted to the island of Madagascar for over 50 million years (Yoder et al. 1996) . Compared to other primate habitats, Madagascar is unusually susceptible to droughts, cyclones, periods of frost and cold, and a highly seasonal fruit supply (Wright 1999) . As a consequence, most lemur habitats are considered to be relatively unpredictable and energetically stressful (Jolly 1966) . Compared to monkeys and apes, lemurs have many unusual anatomical and behavioral traits, all of which are thought to be adaptations for survival in an energetically scarce and frequently unpredictable ecology. Among these traits are strict seasonal breeding, cathemerality (equal activity during both day and night), low basal metabolic rates, a low degree of frugivory (a highly variable food source) for primates of their body size, female dominance, and a lack of sexual dimorphism (reviewed in Wright 1999) . Given the costs of pregnancy and lactation in lemurs, females of many lemur species are dominant to males in feeding contexts, an adaptation believed to ensure sufficient resources for motherhood in Madagascar's energy-poor habitats (Young et al. 1990) . Similarly, the typical primate pattern of males being larger than females may have been selected against through generations of large, aggressive males dying during periods of energetic stress (Wright 1999) . Collectively, these features have been referred to as ''bet-hedging, evolved in response to environmental unpredictability'' (Richard and Dewar 1991) . Given these unusual anatomical and behavioral adaptations, it is possible that lemur psychology has also evolved to minimize exposure to risk under conditions of uncertainty.
In two experiments, we presented lemurs with a choice between a constant option that yielded an invariant small reward, and a variable option which yielded a larger reward than the constant option on of trials, but no reward on the other half of trials. In Experiment 1, the constant and variable options had the same average reward amount across trials and thus provided a test of lemurs' baseline preference for risk when the average rewards for choosing the constant or variable options were identical. In Experiment 2, we gradually increased the net reward associated with the variable option so that its average value became increasingly greater than that of the constant option. This procedure allowed us to assess the degree to which lemurs' baseline risk preferences could be modulated by increasing the risk premium.
Experiment 1

Materials and methods
Subjects and apparatus
We tested 5 male lemurs (Lemur catta, n = 2, Eulemur mongoz, n = 2, Varecia rubra, n = 1), mean ± SEM age = 12.8 ± 1.6 years, housed at the Duke Lemur Center, Duke University, Durham, NC. Subjects were housed in pairs with other animals not participating in this study (n = 3), or individually (n = 2) at the time of testing. Each of these species exhibits several of the unusual ''bethedging'' traits noted above and thus provides a diverse sample of the lemur species thought to share common adaptations for life in an unpredictable environment. All subjects with the exception of the single Varecia rubra had several months of experience in touch-screen studies unrelated to the experiments reported here. All animals had unlimited access to water and received fresh fruit, vegetables, and Purina monkey chow daily.
We tested all lemurs in their home enclosures. The equipment for stimulus presentation, data acquisition, and reward delivery was housed in a custom-built, stainless steel, portable testing station (86 9 43 9 35 cm) and brought into the enclosure for the duration of each session. Stimuli were displayed on a 15-inch touch-sensitive computer monitor and a custom-built REALbasic (REAL Software, Austin, TX, USA) program presented the stimuli and recorded responses. Choice stimuli were presented in two central screen locations and the left/right location of choices was determined randomly. Lemurs were required to press a rectangular start stimulus located at the bottom center of the screen in order to initiate a trial. A clear Plexiglas panel with circular openings (diameter = 5 cm) centered on each stimulus location was mounted in front of the screen to prevent lemurs from making unnecessary contact with areas of the screen that did not contain stimuli. Subjects sat on a small plastic crate in front of the cart (33 9 43 9 35 cm) to facilitate contact with the screen. We used 190 mg fruit punch flavored TestDiet pellets (Division of Land O'Lakes Purina Feed, LLC, Richmond, IN, USA) as rewards.
Design and general procedure
In all experiments, we used high-contrast black and white images as stimuli (Fig. 1) . Each image was associated with a particular reward amount, or reward schedule, and the image-reward associations were counterbalanced across subjects to control for extraneous image preferences. Each condition of the pretest and test used a novel pair of images. Thus, lemurs were required to learn novel image-reward associations in every condition. Trials began when subjects pressed the rectangular start stimulus at the bottom of the screen. Immediately thereafter both choice stimuli were presented. When subjects pressed either stimulus a florescent border around the stimulus was illuminated, the apparatus dispensed the number of pellets associated with that choice, and a chime sounded once for every pellet being dispensed. Thus, subjects received immediate multisensory feedback regarding the outcome of their choice. An image of a subject performing the task is shown in Fig. 2 . With the exception of the pretest (see below), we used a 15 s inter-trial interval (ITI) throughout the experiment. In all cases, the ITI began immediately following the delivery of reward on the previous trial.
Pretest: design and procedure
The pretest served to familiarize subjects with the task as well as to measure subjects' abilities to discriminate the reward quantities used in the test. We tested lemurs on their ability to discriminate images that were associated with 1 pellet vs. 0 pellet, and 2 pellets vs. 1 pellet. All subjects received 5, 35-trial sessions of the 1 vs. 0 discrimination. The inter-trial interval (ITI) during this phase varied randomly between 1 and 3 s on each trial. We began the 2 vs. 1 quantity discrimination using the same ITI but subjects initially showed little preference for the larger reward. We hypothesized that because subjects were consistently receiving rewards for touching either stimulus, and there was little delay between trials, subjects had little incentive to prefer the larger reward. We therefore increased the ITI to 15 s in order to make trials more temporally discrete, and to impose a larger cost for choosing the stimulus associated with the smaller reward. We also added 12 forced-choice trials at the beginning of each session. On forced-choice trials, only one stimulus appeared and a response resulted in the associated number of pellets (6 trials of each value). The 12 forced-choice trials were followed by 12 free-choice trials in which both stimuli were presented and subjects were required to make a choice. Subjects completed 8 sessions of the 2 vs. 1 quantity discrimination following these manipulations to the ITI and trial structure.
1 All analyses of the pretest were one-tailed following the a priori prediction that subjects would prefer a greater quantity of food.
Pretest: results
As a group, lemurs chose the stimulus that yielded 1 pellet (compared to 0) more frequently than expected by chance (mean = 75% ± 11 SEM, t(4) = 2.20, P = 0.05, 1-tailed). As individuals, 4/5 lemurs exhibited an overall significant preference for the stimulus that yielded 1 pellet (binomial tests, P \ 0.05, 1-tailed). Because the procedure required subjects to first learn the arbitrary stimulus-outcome associations, we also examined subjects' preferences in the final session of the quantity discrimination. In the final session of the 1 vs. 0 quantity discrimination, lemurs chose the stimulus that led to the large reward on 93% (±6 SEM) of trials, and all 5 subjects exhibited a significant preference for the large reward option (binomial tests, P \ 0.05, 1-tailed). In the 2 vs. 1 pellet discrimination, lemurs again preferred the stimulus associated with the larger reward. In the final 5 sessions, lemurs chose the larger reward on 75% (±8 SEM) of trials (t(4) = 3.21, P = 0.02, 1-tailed) and 4/5 lemurs showed a significant individual preference for choosing the larger reward (binomial tests, P \ 0.05, one-tailed). In the final session of the 2 vs. 1 quantity discrimination, subjects chose the stimulus associated with the large reward on 81% (±6 SEM) of trials. Individual data for subjects' performance during the pretest are shown in Table S1 .
Test: design and procedure
A new set of images were used for test sessions. Test sessions measured subjects' sensitivity to variance when the average reward of the variable option was equal to that of the constant option. Responses to the constant option always yielded 1 pellet whereas responses to the variable option yielded 2 pellets half of the time, and 0 pellet the other half of the time. The trial-by-trial reward schedule of the variable option was counterbalanced across trials and determined pseudo-randomly by an algorithm at the beginning of each session.
Test sessions began with 12 forced-choice trials. The purpose of these trials was to ensure that subjects were equally familiarized with the probabilities of each outcome associated with the constant and variable options. The constant and variable choices were presented with equal frequency during forced-choice trials and the variable option delivered 2 pellets on half of forced-choice trials, and 0 pellet on the other half. Thus, subjects obtained equal experience with each option and equal experience with each possible outcome of the variable option during these forced-choice trials. The net rewards associated with each option were therefore equal at the end of the forced-choice portion of the session. The second half of the session consisted of 12 free-choice trials between the constant and variable options. As in the pretest, the ITI was 15 s. All subjects completed 10 test sessions. All analyses were twotailed to evaluate the possibilities of both risk-seeking, and risk-averse preferences.
Test: results and discussion
Test During test, lemurs exhibited a strong preference for the constant reward option, despite the fact that the constant and variable options yielded equal net payouts. Overall lemurs chose the constant option on 72% of trials (±5 SEM), significantly more often than expected by chance (t(4) = 4.6, P = 0.01, 2-tailed). Because the test required subjects first to learn the arbitrary associations between each stimulus and its associated reward outcome(s), we reasoned that subjects' preferences would be most strongly expressed in the second half of test sessions. Indeed, lemurs exhibited the strongest levels of risk-aversion in the last 5 test sessions (mean = 74% choices constant ± 7 SEM) and 4 of 5 subjects showed a significant preference for the constant option during these sessions (binomial tests, P \ 0.05). The subject that did not show a significant preference was not the same individual who failed to show a preference in the quantity discrimination. These results suggest that, like the majority of species tested in risky choice tasks in which the quantity of reward is manipulated, lemurs exhibit risk-aversion. This pattern is unsurprising given that the net rewards associated with choosing the constant and variable options were equal, and the majority of models of risk-sensitive foraging under these circumstances predict that animals on a positive energy budget will be risk-averse (Kacelnik and Bateson 1997) . Having established lemurs' baseline preferences for risk when the rewards between the constant and variable options were equal, we next tested whether these preferences would shift in response to a changing reward structure between the constant and variable options.
Experiment 2
Experiment 1 revealed that lemurs were risk-averse when the average reward of the constant and variable options was equal. In Experiment 2, we gradually increased the average reward amount for the variable option across successive conditions in order to evaluate how lemurs' tolerance for risk responded to changes in net rewards between the two options.
Materials and method
Subjects and apparatus
The subjects and apparatus were the same as in Experiment 1 with the exception that one lemur was tested on an abbreviated procedure. Specifically this subject participated in every other condition as we increased the net reward of the variable option. We therefore collected data from this subject across the same range of variable-toconstant reward ratios as other subjects, but at fewer intermediate measures.
Design and procedure
The structure of test sessions was identical to Experiment 1. Over successive conditions, we increased the net payout of the variable option while maintaining the value of the constant reward. Therefore, the ratio of the average reward for the variable option to the average reward for the constant option gradually increased in favor of the variable option. The possible reward outcomes and associated average payouts for each condition of Experiment 2 are shown in Table 1 . In every condition, lemurs were tested in 10 sessions, each consisting of 12 forced-choice and 12 free-choice trials. However, when the mean reward for the variable option was 3.5 pellets or greater, the number of forced-choice trials was reduced to 4 in order to comply with animal's dietary restrictions. Similarly, in the final condition of Experiment 2 (constant reward = 1, variable reward = 15 or 0) the number of free-choice trials was reduced from 12 to 8. The visual stimuli for the constant and variable options were different for each phase of Experiment 2, requiring subjects to learn new stimulusoutcome associations routinely. Following the logic of Experiment 1, we analyzed subjects' overall preferences in each condition as well as their preferences in the second half of test sessions for each condition.
Statistics and analysis
In each condition, we analyzed subjects' individual preferences for the constant or variable option using binomial tests. To assess group patterns of choice across subjects, we compared each subject's mean percent of choices to the constant option against chance expectation (50%) in each condition. To assess changes in subjects' risk preferences as a function of the rewards associated with the constant and variable choices, we conducted a linear regression with the predictor variable of variable-to-constant reward ratio, and the dependent variable of mean percent choices to the constant option. Last, to assess learning and the development of risk preferences within each condition, we conducted linear regressions with the predictor variable of session number and the dependent variable of percent choices to the constant option. The percent choices to the constant option were log 10 transformed for all regression analyses. All analyses were two-tailed to evaluate the possibilities of both risk-seeking, and risk-averse preferences.
Results and discussion
As a group lemurs exhibited increasing preference for the variable option as its net payout increased relative to the constant option ( Fig. 3 ; r 2 = 0.58, F(1,8) = 10.89, P = 0.01). Thus, lemurs were sensitive to changes in the reward structures as the risk premium increased. However, lemurs maintained high levels of risk-aversion even when the net gains from choosing the variable option surpassed those of the constant option. As a group, lemurs maintained a preference for the constant option even when the variable option yielded 1.5-2 times the constant option's net payout (one-sample t tests, Table 1 ). As a group, subjects exhibited indifference to the two options when the ratio of the average variable reward to the constant reward ranged from 2.5:1 to 5:1, and exhibited a non-significant preference for the variable option when its average reward was 7.5 times that of the constant option (one-sample t tests, Table 1 ).
Data for individual subjects are reported in Table S2 . Analysis of individuals' preferences revealed a similar pattern (Fig. 4) . In the last 5 sessions of each test condition, the majority of subjects showed a significant preference (binomial tests) for the constant option when the ratio of the average variable-to-constant reward ranged from 1:1 to 2.5:1. Only when the variable-to-constant reward ratio was 7.5:1 did the number of subjects exhibiting a significant individual preference for the variable option exceed the number of subjects with a significant preference for the constant option (Fig. 4) . Together, these results indicate that lemurs maintain high levels of risk-aversion even when imposed with substantial costs for maintaining this strategy.
Because we increased the expected value of the variable option with each condition, the increase in expected value of the variable option was confounded with each lemur's experience in the task. It is therefore conceivable that the overall shift in risk preferences we observed reflects a shift toward risk-seeking rather than a response to the changing reward structure across conditions. To address this possibility, we conducted additional analyses to assess whether subjects acquired new preferences for the constant and variable options associated with each set of new images for each condition. Specifically, for each condition we conducted linear regressions with the predictor variable of session number and the dependent variable of percent of choices to the constant option. We reasoned that for each condition in which subjects expressed risk-aversion, or risk-seeking, we should detect the emergence of this preference across sessions. Table 2 shows the results of this analysis. For conditions in which lemurs were generally risk-averse (variable-to-constant reward ratios 1:1-2:1), we detected a positive relationship between the session number and the average percent of trials that subjects chose the constant option. For conditions where subjects showed risk neutrality (variable-to-constant reward ratios 2.5:1-4.5:1) there was no relationship between session number and the average percent of trials Fig. 3 The average percent of choices to the constant option as a function of the mean variable-to-constant reward ratio. R 2 = 0.58 Fig. 4 The percent of subjects with a significant preference for the constant (?) or variable (-) option in each condition during Experiment 2; binomial tests, 2-tailed Anim Cogn (2012) 15:15-25 21 that subjects chose the constant option, indicating that subjects preferences hovered near indifference across sessions within these conditions. Lastly, in the conditions in which subjects were risk-seeking (variable-to-constant reward ratios 5:1-7.5:1), we found some evidence for a negative relationship between the session number and the average percent of trials that subjects chose the constant option. The lack of a significant relationship in the final condition of Experiment 2 (variable-to-constant reward ratio = 7.5:1) may be due to the fact that 3 lemurs chose the constant option on 25% or less trials in their first session of this condition, although it is also possible that the lower number of trials made it more difficult for some subjects to learn the associations in this condition. Taken together, these results provide evidence that subjects learned new associations between the stimuli and their associated rewards within each condition in Experiment 2.
General discussion
Across two experiments, lemurs adopted risk-averse strategies when faced with a choice between a constant option and a variable option that yielded an amount that on average was equal or greater to the amount associated with the constant option. The results of Experiment 1 are consistent with those from a diverse range of other animals that adopt risk-averse strategies when the expected gains between the constant and variable options are equal (Kacelnik and Bateson 1996) . The utility of this strategy has been accounted for by numerous models of decision making under uncertainty (Kacelnik and Bateson 1996; Stephens and Krebs 1986; Kahneman and Tversky 1979; McNamara and Houston 1992; Platt and Huettel 2008) . In Experiment 2, lemurs demonstrated sensitivity to the increased payout associated with the variable option and increased their choices to the variable option as a function of its expected value. However, many subjects maintained significant risk-aversion, even when the expected gains from the variable option far exceeded those for the constant option. Recent explanations for risk-averse preferences in animals have emphasized the fact that animals likely rely on simple heuristics that have evolved to maximize success in species' respective environments (Gigerenzer et al. 1999; Rosati and Stevens 2009; McNamara and Houston 2009 ). Thus, while flexible rules that maximize long-term gains may fare well in models of decision making, it is unlikely that in nature, species will evolve rules that flexibly optimize behavior in a wide range of contexts. Rather, decision rules are more likely to be closely tied to the narrow range of problems that a species typically faces, and these rules may often produce sub-optimal results when employed under complex or highly variable circumstances (McNamara and Houston 2009). Thus, it is possible that lemurs' behavior in these experiments was governed by relatively simple mechanisms that evolved to limit risky behavior. These strategies are probably effective for ensuring survival in a highly unpredictable environment, where riskseeking behavior that yields high gains one day may lead to starvation the next. Indeed, models of normative risk preferences in these conditions suggest that access to a stable low-variance resource is far more important than a variable food source that occasionally yields large rewards (McNamara 1996) .
The hypothesis that risk-aversion is a useful strategy in unpredictable environments has received tentative support from comparative studies of human populations. For example, Kuznar (2001) examined risk preferences in two populations of Andean herders, one in the high sierra and the other in the Andean puna. Compared to the puna community, the high-sierra community faces more unpredictability in terms of drought and theft. When given a choice between a set number of livestock, or a lottery ticket with a set probability of winning two times as many livestock, individuals from the high-sierra community required a 90% probability of winning 100 livestock in order to forgo the certain receipt of 50 animals. In contrast, members of the puna community required a significantly lower premium to accept the same risky choice. Other studies of small-scale subsistence farmers that used procedures similar to the method we used with lemurs have revealed marked cultural differences in human risk preferences (Henrich and McElreath 2002) . For example, while some cultural groups (e.g., Huinca) were indifferent between a guarantee of 790 pesos and a 50% chance of 2,000 pesos, other groups (e.g., Mapuche) required a guarantee of 1,400 pesos before giving up a 50% chance of 2,000. Thus, it appears that human risk preferences are likely subject to both environmental and cultural influences. Although lemurs were risk-averse when the average reward of the variable option exceeded that of the constant option, we do not know whether this tendency is uncommon in animals. The majority of studies on risk have examined animals' preferences in a single condition where the average reward of the constant and variable options is held constant and species are characterized as risk-seeking, risk neutral, or risk-averse. Because most species tested under these conditions are risk-averse, we believe that procedures in which the risk premium varies between conditions may be a promising tool for systematically comparing risk preferences between species. Similar procedures have facilitated comparative studies of temporal and spatial preferences (Rosati et al. 2007; Stevens et al. 2005; Amici et al. 2008 ) but have not typically been used to examine risk (but see Real et al. 1982; Caraco and Lima 1985; Long et al. 2009 ). However, qualitative comparisons between lemurs and other taxa tested on positive energy budgets suggest that the risk premium required to offset baseline risk-aversion may be unusually high in lemurs. For example, when tested on a similar task bumblebees showed a preference for the variable option when its mean reward was twice that of the constant option (Real et al. 1982) , and dark-eyed juncos showed a similar preference reversal when the mean reward of the variable option was 1.5 times that of the constant option (Caraco and Lima 1985) . In contrast, the majority of lemurs we tested showed significant risk-aversion to these same reward ratios.
An important point to consider is that economists have historically distinguished between three categories of uncertainty under which decisions can be made (Luce and Raiffa 1957; Knight 1921) . Most relevant to the current study, it has been shown that humans, and some primate species show greater aversion to ambiguity where the probability of outcomes is unknown, than to risk, where the probability of outcomes is known (Camerer and Weber 1992; Rosati and Hare 2011; Hayden et al. 2010) . Here, we have used the terms ''risk-aversion'' and ''risk-seeking'' because the inclusion of forced-choice trials within each session provided subjects with information about the probabilities of each possible outcome during the test. However, it is likely that subjects made decisions under conditions somewhere between ambiguity and risk. Recently, some authors have adopted the term ''variancesensitivity'' to encompass the range of situations in which animals choose between options that differ in their expected returns (Ydenberg et al. 2007; Buchkremer and Reinhold 2010) .
Another important consideration is that the experiments reported here measured risk preferences in a single foraging context and may not be representative of lemurs' preferences under other conditions. A multitude of studies have now demonstrated that attitudes toward risk can be affected by many different factors including whether the gamble is framed as a potential gain or loss (Tversky and Kahneman 1981) , whether time or reward amount is varied (Kacelnik and Bateson 1996) , the delay between choices (Hayden and Platt 2007) , and the total number of choices a subject makes (Samuelson 1963) . Further, risk preferences may be domain specific (Weber et al. 2002) and highly variable from one context to the next (e.g., social decisions vs. foraging decisions). Therefore, it is likely that risk preferences in any particular task capture the emergent effects of many different task parameters, and that no single task can be used to assess a species risk preferences globally. Along these lines, it is noteworthy that the variable option in our task always had a 50% chance of yielding no reward (as opposed to a small reward) which may have amplified subjects' risk-aversion. Whether the strong levels of risk-aversion reported here are characteristic of lemurs' risk preferences under other reward schedules or in other decision-making contexts remains an empirical question.
Given the influence of an animal's energy budget on its risk preferences, it is important to consider the environmental conditions under which our subjects were tested. In our experiments, lemurs were housed in a zoo-like environment and were always on a positive energy budget at the time of testing. It is therefore likely that the lemurs tested in these experiments faced lower energetic demands than their wild counterparts living in Madagascar. Although an animal's current metabolic state is clearly one important factor governing risk preferences (Caraco 1981; Kacelnik and Bateson 1996) , this study was designed to assess stable species-typical preferences that have evolved across evolutionary time and which are unlikely to require immediate environmental triggers for their expression. This approach is consistent with numerous other studies of captive populations that have produced evidence of species-typical foraging preferences that are thought to reflect adaptations for the environment of evolutionary adaptedness (e.g., Heilbronner et al. 2008; Rosati et al. 2007; Stevens et al. 2005) .
Importantly, our testing procedures required lemurs to learn new stimulus-reward contingencies at each phase of Experiment 2. As a consequence, learned preferences for any given stimulus (and its associated reward schedule) could not carry over into subsequent phases of the experiment. Further, the forced-choice trials at the beginning of each test session ensured that subjects accrued equal experience with the constant and variable options before having to choose between them. Therefore, lemurs' preferences for risk at each phase of the experiment were formed independently of extraneous biases induced by perseveration on a single stimulus, or failure to acquire adequate experience with one or both the choices. However, it is possible that subjects maintained high levels of risk-aversion throughout the experiment by perseverating on a single strategy. Specifically, it is possible that lemurs initially learned a rule either to avoid any stimulus with a variable reinforcement schedule, or to preferentially choose a stimulus that yielded a constant reward. By employing this heuristic lemurs may have been biased to continue their avoidance of variable choices, even when they faced a cost in net gains for doing so. Future experiments could explore the possible effects of such strategic inertia by varying whether subjects participated in a procedure that progressively increased or decreased the average payout associated with the variable option. If subjects choices in the earlier phases of the procedure bias their choices in subsequent phases, these carryover effects should have opposite effects depending on whether the reward associated with the variable option is increased or decreased across the experiment. The task demands of mapping new stimulus-reward contingencies may also explain some of the non-linear variance between conditions in Experiment 2 (as well as subjects' imperfect performance in the quantity discrimination pretest). Although each group of stimuli was hand picked to maximize discriminability to the human eye (Fig. 1) , it is possible that certain pairs of stimuli were less discriminable than others introducing an additional source of variance influencing subjects' choices.
The experiments reported here demonstrate that lemurs, like most taxa tested thus far, are risk-averse when choosing between two options with the same mean reward but different variances. Our results further show that lemurs maintain risk-averse preferences even in the face of substantial costs for employing this strategy. These strong levels of risk-aversion are consistent with other behavioral and anatomical adaptations common to the lemurs of Madagascar and may be part of a suite of traits that have evolved for living in a highly unpredictable and energetically stressful environment. However, the current study cannot directly test the prediction that evolution in an unpredictable environment has selected for risk-aversion in lemurs. Therefore, future studies of other species will be important for understanding the phylogenetic distribution, and ecological correlates of risk preferences in animals, and will ultimately allow us to infer the selective pressures that shape species-typical risk preferences.
